M
any bacterial polypeptides, including most secretory proteins, are transported across the plasma membrane by a process that is similar to protein translocation across the endoplasmic reticulum membrane in eukaryotes (for review, see ref. 1). The polypeptide substrates contain hydrophobic signal sequences that are usually located at the N terminus and cleaved off after membrane transfer. Translocation occurs through a hydrophilic channel formed by a conserved heterotrimeric membrane protein complex, called the SecY complex in bacteria and archaea and the Sec61 complex in eukaryotes. The complex consists of a large ␣-subunit (SecY or Sec61p) that spans the membrane ten times, and two smaller ␤-and ␥-subunits (called SecG and SecE in bacteria). In bacteria, the SecY channel can either associate with the ribosome to translocate proteins during their synthesis (cotranslational translocation), or it can cooperate with the cytosolic ATPase SecA to transport polypeptides after completion of their synthesis (posttranslational translocation).
SecY forms an hourglass shaped translocation pathway with water-filled funnels toward both sides of the membrane (2) (3) (4) . The constriction of the pore is located approximately halfway across the membrane and consists of a pore ring of amino acids whose hydrophobic, bulky side chains project radially toward the interior of the channel. The cytoplasmic funnel is empty whereas the external funnel is plugged by a short helix. The channel is opened by displacement of the plug helix, which is triggered by the binding of the signal sequence of a substrate (5, 6) .
The SecA ATPase uses the energy of ATP hydrolysis to push polypeptides through the SecY channel (7) . SecA is a multidomain protein (8) . It contains two RecA-like nucleotide-binding domains (NBD1 and NBD2), which bind the nucleotide at their interface and move relative to one another during the ATP hydrolysis cycle. SecA also contains a polypeptide-cross-linking domain (PPXD), a helical wing domain (HWD), and a helical scaffold domain (HSD). The latter consists of a long helix and two shorter ones that form a two-helix finger (3) .
A recent crystal structure of the SecA -SecYEG complex revealed that SecA uses its PPXD and the long helix of the HSD to interact with the SecY channel and that SecA's two-helix finger inserts deeply into the cytoplasmic funnel of SecY (3). Disulfide cross-linking experiments indicate that the fingertip contacts a translocating polypeptide chain right above the entrance into the translocation pore, and mutagenesis experiments show that a tyrosine (or another bulky, hydrophobic residue) at the fingertip is essential for protein translocation (9) . These data suggest that motions of the two-helix finger move a polypeptide chain into the SecY channel with the tyrosine providing the major contact site. However, interactions of the fingertip with a polypeptide chain cannot explain how a translocation substrate is recognized and bound by SecA.
The mechanism by which SecA interacts with its translocation substrates is indeed an interesting problem. The initial binding likely involves the signal sequence, but ultimately, SecA must interact with a broad range of polypeptide segments to move them sequentially into the SecY channel (10) . One possible polypeptide-binding site is the ''clamp'' of SecA (3), which is formed by the PPXD, the NBD2, and parts of the HSD (Fig. S1 ). Structures of SecA in isolation show the clamp in various open conformations (8, (11) (12) (13) , which would allow a polypeptide chain to enter it. Structures of SecA bound to the SecY channel show the clamp in a closed conformation, in which the PPXD has rotated all of the way toward the NBD2 (3) (Fig. S1 ). This motion might capture a polypeptide chain and position it above the SecY pore. Although this model is attractive, other polypeptide binding sites in SecA have been proposed (8, 12, 14, 15) . In addition, the SecA-SecYEG structure shows that the closed clamp leaves only little space for a translocating polypeptide chain (3), which emphasizes the need for experimental testing of the proposed model. Recent spin-label perturbation experiments provide evidence that a polypeptide chain can indeed bind to the clamp of nontranslocating SecA in solution, but several positions outside the clamp also showed interactions (16) . In fact, our disulfide bridge cross-linking experiments with single cysteines in SecA and in the substrate indicate that SecA interacts rather promiscuously with polypeptides when not engaged in translocation (see Results). It is therefore important to define substrate interactions by analyzing translocating SecA molecules.
Here, we have tested the postulated role of SecA's clamp using disulfide bridge cross-linking to analyze interactions of SecA that is engaged in translocation. We show that a polypeptide chain is captured inside the clamp and moves through it into the SecY pore. Our data delineate the entire path of a translocating polypeptide chain during SecA-mediated protein translocation and shed light on the mechanism by which polypeptides are translocated by SecA.
Results
Experimental Strategy. We used the following disulfide bridge cross-linking strategy to test interactions of translocating SecA with a polypeptide chain. Two cysteines were introduced into a translocation intermediate of the substrate proOmpA (pOA), one cysteine that would cross-link to the pore ring of the SecY channel and another one further toward the C terminus that would cross-link to a cysteine in SecA ( Fig. 1 A and B) . Double cross-links of pOA to both SecY and SecA would indicate that the polypeptide chain has engaged both translocation components. By changing the position of the second cysteine in pOA and placing the corresponding partner cysteine at various positions in SecA, we should be able to identify SecA residues that are in the path of a translocating polypeptide chain. Specifically, this strategy should allow us to test whether a translocating polypeptide chain moves through SecA's clamp.
To generate a translocation intermediate, the polypeptide chain must be trapped in the channel by preventing its complete translocation with a bulky group at the C terminus. In previous experiments, we used a tRNA at the C terminus of the translocation substrate pOA (pOA-tRNA) (9) . The substrate was generated by in vitro translation of a truncated pOA mRNA, followed by release of the peptidyl-tRNA from the ribosome by urea treatment. Cross-linking experiments showed that the C-terminal residues immediately preceding the tRNA moiety were close to the tip of SecA's two-helix finger, indicating that most of the polypeptide chain had moved into the channel. Thus, the tRNA moiety had passed through SecA, perhaps because it was denatured by the urea treatment, and blocked further translocation only at the entrance into the SecY pore. Obviously, this translocation intermediate is inappropriate to identify interactions of SecA's clamp with a translocating polypeptide.
To generate a translocation intermediate in which the C terminus cannot pass SecA and move all of the way into the SecY pore, we fused the first 177 residues of pOA and four linker residues to dihydrofolate reductase (DHFR) (pOA-DHFR) ( Fig. 1B) (17) . DHFR folds well in the presence of its substrate analog methotrexate and provides an efficient block for the movement of the C terminus of the substrate through the membrane.
pOA-DHFR Is Translocated into the SecY Channel. We first determined whether the pOA-DHFR translocation intermediate is captured inside the SecY channel. Single cysteines were introduced into pOA-DHFR and tested for cross-linking to a cysteine in the pore ring of SecY (position 282). These experiments were performed with E. coli SecA lacking endogenous cysteines. Disulfide bridge formation was induced by the addition of the oxidant copper phenanthroline, and the products were analyzed by nonreducing SDS/PAGE followed by autoradiography. As expected, disulfide bridge formation between pOA-DHFR and SecY was only observed in the presence of ATP, when SecA is functional ( Fig. 2A , odd numbered lanes). In addition, the cross-links were dependent on the addition of the oxidant.
Essentially, all of the tested positions in pOA-DHFR (positions 140 to 161) gave cross-links to SecY, although the efficiency was highest with positions 149-155 ( Fig. 2 A and B) . These results show that the polypeptide chain is indeed located inside the SecY channel. The broad range of cross-linking positions also suggests that the polypeptide chain can slide back and forth inside the pore. For further experiments we used pOA-DHFR substrates with a cysteine at position 152, which gave prominent cross-links to SecY (Fig. 2 A, lane 9) .
Probing Interactions of pOA-DHFR by Double Cross-Linking to SecA and SecY. To determine whether a translocating polypeptide moves through SecA's clamp, we used pOA-DHFR constructs that contained a cysteine at position 152 for cross-linking to the pore residue 282 in SecY and a second cysteine placed at more C-terminal positions (positions 157-184) to probe for interaction with SecA's clamp. The pOA-DHFR substrates were incubated in the presence or absence of ATP with proteoliposomes containing purified SecY (I282C) complex and SecA mutants that contained a single cysteine at different positions. Disulfide bridge formation was induced by addition of an oxidant.
We first tested a SecA mutant that carried a cysteine at position 269 (SecA-S269C), a position in the PPXD located inside the clamp (Fig. 3A) . Several positions indeed gave prominent double cross-links of pOA-DHFR to both SecY and SecA (xAxY). The double cross-links had the expected size and could be immunoprecipitated by SecY or SecA antibodies (Fig. S2) . In contrast, the SecY single-cross-links were recognized only by SecY antibodies and the SecA-single cross-links by SecA antibodies, although a minor proportion of these cross-links was also precipitated nonspecifically by SecY antibodies (Fig. S2 ). The double cross-links and the single cross-links to SecY (xY) were only seen in the presence of ATP (Fig. 3A) , whereas the cross-links to SecA (xA) were also seen in the absence of ATP, reflecting the promiscuous interaction of SecA with nontranslocating substrate.
The analysis showed that positions 165 to 171 of the substrate gave the most prominent double cross-links to SecA-S269C (Fig.  3A) ; Ͼ70% of the pOA-DHFR molecules that cross-linked to SecY also cross-linked to SecA (Fig. 4A) . At other positions of the substrate, the double cross-links were weaker, and instead, the SecY single cross-links were more intense (Figs. 3A and 4A) . These results indicate that position 269 in the clamp of SecA is in the path of a translocating polypeptide, contacting a region in the substrate that is centered around residue 170.
We next tested other positions in the clamp. Position 349 in the PPXD and position 369, which is located near the ␤-strands that connect the NBD1 with the PPXD, also gave efficient double cross-links (Fig. 3 B and C) ; quantification indicated crosslinking yields of up to 90% at the optimum cysteine positions in the substrate (Fig. 4 B and C) . Other positions chosen inside the clamp also gave cross-linking yields exceeding 70% (Figs. S3 A-D  and S5 A-D) , with the exception of position 339 (Ϸ55% yield) (Figs. S3E and S5E) . In each case, the intensities of the double cross-links were dependent on the position of the second cysteine in the pOA-DHFR construct and displayed pronounced maxima. These results indicate that each position in the clamp contacts a certain region of the substrate. Because a substrate region, rather than a single residue, contacts a given SecA position, these data also indicate that the polypeptide chain is caught at different stages during its movement through the clamp.
In agreement with previous results (9), prominent double cross-links were also seen with a cysteine placed at the tip of the two-helix finger (position 797) (Figs. 3D and 4D ). However, in contrast to the previous experiments in which the substrate carried a tRNA at the C terminus, the cross-links to the fingertip disappeared when the second cysteine was placed further toward the C terminus of pOA (Figs. 3D and 4D ). These data are consistent with the assumption that the DHFR domain prevents the C terminus of the substrate from entering SecA's clamp whereas the tRNA only blocks translocation at a later point (at the entrance into the SecY pore).
Ten positions chosen outside the predicted path of a translocating polypeptide chain either did not give double cross-links at all or cross-linked only weakly ( Figs. 3E and 4E ; the other positions are shown in Figs. S4 A-I and S5 F-N) .
We mapped the tested positions onto SecA in the recently determined SecA-SecYEG structure (3). Viewed from the cytoplasm, the substrate-interacting positions are all localized inside the central cavity of the clamp (shown in red in Figs. 5 A and B), including positions in the PPXD and the two ␤-strands that connect the NBD1 with the PPXD. In a side view, these positions and the cross-linking position 797 of the two-helix finger delineate the path of the polypeptide chain from the fused DHFR domain all of the way into the SecY channel (Fig. 5C) . The most C-terminal residues of pOA (approximately position 177), which immediately precede the DHFR block (beginning at position 182), contact the clamp on its membrane-distal side (position 226) (Fig. 5C ). The preceding pOA residues around residue 173-175 contact positions 349 and 369 located approx- imately half-way inside the clamp, and the region around residue 171 is close to position 269 at the membrane-proximal side of SecA (Fig. 5C) . Finally, pOA positions around residue 159 contact the two-helix finger (position 797) that is inserted into the SecY channel (Fig. 5C) . In each case, multiple positions of the polypeptide chain contact a given SecA position, indicating that the substrate has some flexibility and is caught in different conformations. By measuring the distance between the pore ring of SecY and the tested positions in SecA, it appears that the translocating polypeptide chains can adopt rather extended conformations. For example, at least seven residues of pOA (residues 152 to 159) are required to span the distance of 25Å between SecY's pore ring and the tip of the two-helix finger (3.6Å per residue), which is close to a fully extended conformation (18) . Similarly, most of the pOA positions that contact residue 226 in the clamp (Ϸ66Å away from the pore ring) are 20-25 residues away from the position that cross-links to the pore ring (residues 171-177 versus 152; 2.6-3.3Å per residue), and a minor population of translocating chains appears to be entirely stretched out.
Discussion
Our results demonstrate that a translocating polypeptide chain is captured inside SecA's clamp and moves through it into the SecY channel. These results define the polypeptide path during SecA-mediated translocation and have important implications for the mechanism of translocation.
The identification of the clamp as the polypeptide-binding site is strongly supported by the fact that many other SecA positions showed only weak or no interactions with a translocating chain. This includes positions on the external surface of the clamp (positions 237, 304, and 306), which are located in a groove that NMR experiments implicated in signal sequence interaction (15) . This suggests that SecA has distinct binding sites for signal sequences and polypeptide segments that follow them. How a signal sequence would be transferred from the outside of the clamp into the SecY channel is unclear, particularly because the SecA-SecYEG structure shows that a direct path is blocked by the interaction of the PPXD with loops of SecY (3). Perhaps, the signal sequence is released from its binding site before SecA interacts with SecY, or the hydrophobic interior of the clamp provides an additional or alternative binding site for the signal sequence.
At the beginning of translocation, SecA's clamp must be open to allow the entry of a substrate. This requires that the PPXD rotates away from the NBD2, a conformation represented by x-ray structures of SecA in isolation (8, 12 ) (see Fig. S1 ). We propose that the open clamp interacts through the two ␤-strands that link the NBD1 and PPXD with the backbone of a polypeptide chain. The interacting polypeptide segment would be induced to form a short ␤-strand that extends this ␤-sheet, a mechanism termed ''␤-strand augmentation'' (19) . This sequence-independent mode of interaction is supported by a recent structure of a SecA-peptide complex (20) , as well as by two other SecA structures in which a polypeptide segment formed an additional short ␤-strand next to the ␤-sheet connecting NBD1 and PPXD (8, 21) .
Once the polypeptide chain is bound, the PPXD would rotate toward the NBD2 and close the clamp, a conformation that is stabilized by an interaction of the PPXD with SecY (3). The capture of the polypeptide chain inside the clamp would contribute to the sequence-independent interaction of SecA with a substrate. This mechanism of polypeptide binding is in fact reminiscent of how many chaperones, such as Hsp70s, interact with a broad range of peptide substrates (22) ; in these cases, extended polypeptide chains are embraced by the walls of a deep groove, making side chain interactions less important. In the recently determined SecA-SecY structure, the interior of the clamp is partially occluded by a loop at the membrane-distal side (3). Our data now suggest that the loop is flexible and likely moves out of the way when a translocation substrate is present. In fact, positions 349 and 351 in this loop give efficient crosslinks. Accommodation of a substrate in the clamp is facilitated by the fact that the polypeptide chain is in a rather extended conformation. Our results indicate that a translocating polypeptide chain is in an unfolded conformation all of the way from its entry into the SecA clamp to the pore ring of the SecY channel. Thus, any folding can only occur when the polypeptide chain emerges on the extracellular side of the SecY channel.
The closed clamp might simply position the polypeptide chain above the channel, allowing a translocating polypeptide chain to slide back and forth within its central cavity. However, we consider it more likely that the clamp tightens and widens during the ATP hydrolysis cycle through movements of the PPXD relative to the NBD2. The ␤-strand augmentation mechanism may still be important because it might prevent complete dissociation of the polypeptide. In this context, it should be noted that cysteines placed close to the two ␤-strands connecting the NBD1 and PPXD gave the highest cross-linking yields (positions 221, 226, 369).
The translocating polypeptide chain is fully surrounded by clamp residues over a distance of Ϸ26Å but has to cross a significant gap of Ϸ12Å from the clamp into the SecY pore. This opening toward the cytosol is located underneath the mouth of the clamp, right above the lateral gate of the SecY channel (indicated by a star in Fig.  5C ) and would be of sufficient size to accommodate two polypeptide strands in an extended conformation. A polypeptide chain could therefore loop out sideways into the cytosol, rather than move into the SecY channel. However, this would be energetically unfavorable and would not normally occur during the translocation of a secretory protein. Also, because SecA is required for the biosynthesis of some membrane proteins (23) (24) (25) , the cytosolic exit pathway may allow segments following transmembrane domains to emerge into the cytosol, similar to what has been proposed for membrane protein integration during cotranslational translocation (26) .
Our results show that a polypeptide chain emerging from the clamp contacts the two-helix finger of SecA before it enters the SecY pore. The determined polypeptide path is consistent with a model in which, upon ATP binding by SecA, the finger would move toward the SecY pore and drag the polypeptide chain with it. At the same time, the clamp would loosen its grip on the polypeptide chain. Upon ATP hydrolysis, the clamp would tighten, the finger would disengage from the polypeptide and reset to ''grab'' the next polypeptide segment. This process would be repeated until the polypeptide chain is all of the way through the SecY channel.
Materials and Methods
Cloning, Mutagenesis, and Protein Purification. Full-length E. coli proOmpA with a C-terminal hexa-histidine tag was cloned into pMAl p4E (NEB) using NdeI and HindIII restriction sites. A SalI site was introduced after position 175 and a NcoI site in front of the His-tag by site directed mutagenesis (Stratagene). These sites were used to insert E.coli DHFR with N-and C-terminal GSGS-linkers. The two endogenous cysteines of DHFR were removed, and single cysteines were introduced into the new construct at positions 152 and 157-184 by site-directed mutagenesis. All constructs were confirmed by sequencing.
For translocation and cross-linking assays, a linear fragment of pOA-DHFR containing a 5Ј SP6 promoter and a 3Ј stop-codon was generated by PCR. After in vitro transcription (Promega), the mRNA was translated in rabbit reticulocyte lysate (Promega) in the presence of [ 35 S]methionine. The crude lysate was then used for the experiments.
Point mutations in E. coli SecA and SecY were introduced by site directed mutagenesis. Both SecA and SecY complex were overexpressed in BL21 cells and purified using Ni-affinity chromatography (12) . Purified SecY complex was reconstituted into liposomes made of E.coli polar lipids (27) .
Cross-Linking. Cross-linking was performed in 20 l reactions containing 50 mM Hepes/KOH pH7.5, 50 mM KCl, 5 mM MgCl 2, 2.5 mM ATP, 0.5 mg/ml BSA, 40 g/ml SecA, 20 g/ml SecY complex in proteoliposomes, and 1 l lysate containing in vitro synthesized pOA-DHFR (9) . For cross-linking in the absence of ATP, 0.5 units of hexokinase and 10 mM glucose were added to the reaction. After 15 min at 37°C, cross-links were formed by the addition of 50 M copper phenanthroline for 10min at 37°C. Samples were treated with 10 mM Nethylmaleimide (NEM) for 5 min on ice and then subjected to nonreducing SDS/PAGE on 4 -20% Tris⅐HCl gels (Bio-Rad). The bands were visualized by phosphorimaging. QuantityOne (Bio-Rad) was used for local background subtraction and quantification. Cross-linking efficiencies were expressed as the ratio of counts in double cross-linked bands (xAxY) to the sum of counts in double cross-linked and single SecY cross-linked bands [xAxY/(xAxY ϩ xY)].
